The SLAC P2 Marx has been under development for two years, and follows on the PI Marx as an alternative to the baseline klystron modulator for the International Linear Collider. The P2 Marx utilizes a redundant architecture, air-insulation, a control system with abundant diagnostic access, and a novel nested droop correction scheme. This paper is an overview of the design of this modulator.
I. PROJECT OVERVIEW

A. The International Linear Collider
The International Linear Collider (ILC) is a proposed high energy physics accelerator [1] . It is composed of two The Marx program at SLAC National Accelerator Laboratory (SLAC) was undertaken to provide an alternative topology to with the characteristics of high availability, simple maintenance, and low cost. The PI Marx was designed, built, and is currently undergoing lifetime testing into a Toshiba multi-beam klystron [3] .
Both building upon the lessons learned in the PI development and employing some fundamentally different concepts, the SLAC P2 Marx (P2 Marx) is a follow-up effort to further develop the Marx concept as a viable alternative to the baseline modulator [4] [5] [6] [7] . There are several points of emphasis for the P2 Marx design. First, the modulator must be compatible with the ILC two-tunnel design. In this scheme, the modulator and klystron are located within a service tunnel with limited access and available footprint for a modulator. Access to the modulator is only practical from one side. Second, the modulator must have high availability. Robust components are not sufficient alone to achieve availability much higher than 99%. Therefore, redundant architectures are necessary. Third, the modulator must be relatively low cost. Because of the large number of stations in the ILC, the investment needed for the modulator components is significant. High-volume construction techniques which take advantage of an economy of scale must be utilized.
Fourth, the modulator must be simple and efficient to maintain. If a modulator does become inoperable, the MTTR must be small. Fifth, even though the present application for the modulator is for the ILC, future accelerators can also take advantage of this development effort. The hardware, software, and concepts developed in this project should be designed such that further development time necessary for other applications is minimal.
II. MODULATOR TECHNOLOGY
In general, technology advancements in modulators might be grouped into several categories: switching, topologies, controls and diagnostics, energy storage, and packaging. These five technology areas must be focused on to achieve the design goals mentioned above. In each following section, these technologies are highlighted and are tied to the design goals of the modulator.
A. SLAC P2 Marx Topology 1) Overview
In brief, the compensation portion of the cell functions by chopping Q3 at the PWM frequency. The LC output filter smooths the ripple and has a slow ramp up in voltage during the duration of the pulse. The voltage across the filter capacitor adds with the main storage capacitor voltage droop to produce a flat output pulse.
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In In Figure 1 . Simplified schematic of one P2 Marx cell.
After the pulse, energy stored in the filter capacitor is recovered back to C2.
For the ILC klystron modulator, the specification is for a voltage flat-top of ± 0.5%. At this scale, the ripple is not perceptible. At very low values of ripple, an offset box might be utilized to better resolve features on top of the waveform [8] . In the case studied here, the internal offset of the scope is appropriate to resolve the top of the pulse, as will be demonstrated next.
To demonstrate the concept of the Marx, a two-cell Marx was constructed. Each cell was charged to -3.75kV, and therefore the output pulse was -7.5kV. Fig. 3 illustrates a zoomed-in view of the top of the waveform.
Note that at this stage of the project, the correction algorithm utilized is still under development and further optimization [9] . Nevertheless, the characteristic ripple of the PWM filter can be viewed. As shown, the ripple is about 20-25V pop' This corresponds well with the calculated value of 8.5V*2=17V. Also shown are the tolerance levels of ±0.2%. This falls well within the ILC specification of ±0.5%.
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. Time (m,) The gate drive protection scheme is detailed in a previous paper [10] .
C. Control System
The control system of the Marx follows a hierarchical scheme [11] . At the first level, the gate drives provide fast detection and response to faults. They also have the droop. Additional research is needed to optimize energy density, discharge cycle, and construction materials to achieve a given lifetime.
E. Packaging
Packaging and construction techniques must be emphasized in the Marx design to achieve the goals of a portable design and ease of maintenance. Modular components within cells, an easily scalable cell layout, and standardized design criteria allow for the ILC Marx design to be simply transferred to other needs. Also, efficient and accessible packaging is necessary for simple and quick maintenance.
1) Cell Layout
There have been two major versions of the P2 Marx cell. The first version was used to demonstrate the droop correction concept and perform component-level testing.
The second version was designed to integrate efficiently with a modulator, minimize cell volume, and incorporate high energy density capacitors. Also, the shape was chosen to be long and short to allow for simple access to cell components. Cells weigh less than 50 Ibf, so they can Table 3 . 
2) Modulator Layout
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3) High Voltage Effects
There are several advantages to utilizing air insulation rather than oil. First, access and therefore maintenance is This effectively isolates the cell such that, regardless of its position within the 120 kY Marx, it only "sees " a maximum of 4kY. In addition, the shield grades the fields such that the electric field magnitude outside the cell is kept to a minimum. It was found using this shield scheme, only two additional small external field shapers were required. Therefore, the sheet-metal shields can be cost effectively produced with high-volume manufacturing techniques. Figure 9 A feature of the P2 Marx cooling scheme is that it is conservative. The added cooling capacity potentially allows for operation outside the ILC parameter range. In addition, the extra headroom allows for redundancy in the air blowers. One blower can fail and the modulator can continue providing the specified output pulse.
5) Maintenance Scheme
The general maintenance philosophy used with the P2
Marx is to minimize modulator downtime. Generically, However, the easiest way to minimize downtime is to keep the modulator from becoming disabled in the first place. Stated previously, the Marx has N+2 redundancy, meaning two cells can become disabled and allow the Marx to provide the full output pulse. In addition, the capability to implement prognostics has been implemented [19] . In some cases, before a condition becomes disabling, it can be detected. This way, a cell can be replaced during a scheduled down time. Finally, a classification scheme is in place to categorize types of faults. Not all out-of-tolerance conditions disable a modulator. Even in the event of a major event such as a klystron arc, the modulator can terminate the present pulse and be ready to fire by the next pulse.
III. PRESENT STATUS
As of this publication, the design for all modulator mechanical components has been finalized and all parts are either being assembled or are under construction. The cells are undergoing testing on a 2-cell test stand, shown in Fig. 11 . In this test stand, cells are tested up to full peak and average power. In addition, they are fault tested into both hard and soft shorts.
The remaining project effort is in three areas: 1)
finishing construction of the modulator, 2) testing and troubleshooting of the full modulator, and 3) finishing the controls hardware and software. For the controls Figure 11 . Photograph of the two-cell test stand.
elements, one more platform, the modulator trigger and interlock board, is still to be developed. Otherwise, the majority of effort is needed in the area of software development. Presently, a PC-based program controls the 2-cell test stand. This must be revised in order to meet the requirements of a 32-cell modulator.
All components for the full modulator enclosure will be in-house by mid-September. Testing of the full modulator will progress as components become available and controls development allows.
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